フェライト鋼の窒化における表面組織制御に関する研究 by 孟  凡輝
フェライト鋼の窒化における表面組織制御に関する
研究
























Control of surface microstructure in nitrided ferritic alloys 
ABSTRACT:            Fanhui MENG 
In this study, variations in surface microstructure and properties by nitriding have been 
investigated in order to establish the method to control the surface properties by nitriding. 
Nitriding is one of the most popular surface hardening treatments of steels, which is performed 
at temperatures below the A1 eutectoid temperature in Fe-N binary system in a nitriding 
atmosphere. By the nitriding process, a compound layer composed of ε and γ’ nitrided iron is 
formed on the surface, and beneath it a diffusion layer consisting of nitrides and ferrite dissolving 
nitrogen is developed, resulting in surface hardening. Due to the ceramic-like properties, the 
compound layer has high hardness and low adhesion, which is known to exhibit excellent 
resistance to friction and wear. Meanwhile the precipitation strengthening by alloy nitrides in 
diffusion layer contributes to improvement of fatigue strength. The advantages of nitriding is 
higher surface hardness and smaller heat treatment distortion compared with other surface 
hardening processes such as carburizing and induction hardening because the treatment 
temperature of nitriding is lower, and no martensitic transformation is involved. Therefore, 
nitriding has been widely used in the manufacture of automotive and construction machinery 
components, for which high fatigue strength and wear resistance as well as high dimensional 
accuracy are required. 
The microstructure of compound layer has been controlled by try and error so far to obtain good 
friction and wear properties for components. Moreover, due to the frequent troubles relating to 
compound layer such as peeling of compound layer, it has been sometimes removed after 
nitriding. Recently, nitriding sensors have been developed and the atmosphere during nitriding 
can be accurately controlled, thus the more precise control of compound layer becomes possible. 
However, the effect of alloying elements on the formation of compound layer and its hardness 
has not been well understood. Furthermore, effects of each constituent, ε phase, γ’ phase and 
voids of compound layer on friction and wear properties have not been clarified yet, therefore it is 
difficult to optimize microstructures in compound layer for good wear and frictional properties. On 
the other hand, in order to enhance growth of hardened layer, which is the largest disadvantage 
of nitriding process, a lots of efforts on alloy design in the processes typical for high-temperature 
nitriding, and fast nitriding steels have been carried out until now. It has been reported that a 
 
 
short peening prior to nitriding process is able to promote growth of nitride layer. Since the 
nitriding behavior is strongly affected by alloying elements, it is necessary to clarify effects of the 
deformation with taking influence of alloying elements into account. 
Therefore, in this study, in order to solve the above problems in nitriding of steels, Fe-M binary 
ferritic alloys were nitrided and the phase composition, hardness, growth rate of compound layer, 
and the effect of deformation and alloying elements on the microstructure and hardness of nitride 
layer, as well as the friction and wear behavior of the microstructure of compound layer have 
been investigated. 
 
This thesis consists of 6 chapters as follows: 
In chapter 1, the background and objectives of this study are described. 
In chapter 2, the experimental methods, including the nitriding treatment, microstructure 
observation and hardness measurement methods, used throughout this thesis are described. 
In chapter 3, pure iron and Fe-M (M=Mo, Mn, Si, Cr, Al, V, Ti) binary ferritic alloys were 
gaseous-nitrided at 843K for various time of periods to clarify effects of the alloying elements on 
the microstructure of compound layer and its hardness. In pure iron, a compound layer 
composed of ε and γ’ phases was formed, and due to the formation of voids near surface, 
softening of the compound layer has been observed on the surface side. Similarly in Fe-1Mo, 
Fe-1Mn, and Fe-1Cr alloys, the compound layer also consists of ε and γ’ phases. However, the 
additions of V, Si, and Al suppressed the formation of ε phase and voids, especially for the 
effects of Si and Al additions are significant. In Fe-1Cr, F-1Al and Fe-1V alloys, the hardness of 
diffusion layer was greatly increased due to precipitation strengthening of alloy nitride, whereas 
in Fe-1Mo, Fe-1Mn, and Fe-1Si alloys, the hardness is almost the same as that of pure iron. 
Surface softening was prevented by Al and Si additions because of the suppression of void 
formation while the effects of alloying elements on hardness of compound layer are small in 
general. It was also found that most of elements accelerate the growth rate except Al. This is 
supposed to be due to the thermodynamic stabilization of γ’ phase by Mo, Mn, Si, Cr, Al, V 
additions, and the increase in mobile nitrogen in compound layer, together with the suppression 
of void formation thus coalescence of dissolved N atoms as N2 gas by V and Si additions. On the 
other hand, Al addition also leads to the increase of mobile nitrogen and suppression of voids 
 
 
whereas growth rate of compound layer is reduced because a large amount of AlN is the 
precipitated in α phase thus much N atoms are consumed for AlN precipitation. 
In chapter 4, in order to clarify the effect of deformation prior to nitriding on nitriding behavior in 
Fe-M binary alloys, pure iron and Fe-M (M=Al,Cr) binary ferritic alloys, which had been deformed 
by HPT processes, were plasma nitrided at 843K for 3.6ks, then the microstructure and 
hardness of them were investigated. It was found that the effects of deformation on hardness of 
nitride layer in pure iron and Fe-1Cr alloy is small. This is because the grain growth rate after 
recrystallization is so fast that the final α size is not small enough to harden diffusion zone in pure 
iron, meanwhile CrN precipitation in Fe-1Cr alloy are not strongly affected by deformation, 
resulting in small change in hardness-depth profiles although the CrN precipitation inhibits grain 
growth after recrystallization leading to a remarkable grain refinement. In contrast, the surface 
hardness in Fe-1Al alloy was greatly enhanced by deformation because deformation promotes 
the precipitation of AlN phase much more extensively than non-deformed specimen. In addition, 
it was also found that the thickness of compound layer becomes more homogeneous by 
deformation and the grain size of γ’ phase in the compound layer is refined. This feature was 
observed most remarkably in Fe-1Al alloy, where needle-like γ’ phase is formed in the 
non-deformed samples. 
In chapter 5, in order to clarify the relationship between the constituent of compound layer and 
the friction and wear properties, pure iron and Fe-1Cr alloy with γ’ single phase, ε/γ’ composite 
phase containing much voids and ε/γ’ composite phase containing less voids were prepared, 
then friction and wear behavior were investigated. The wear rate decreases monotonically as the 
increase of surface hardness, which mainly depends on the amount of voids. On the other hand, 
there is no a clear relationship between the friction coefficient and surface hardness. However, 
when the fraction of voids is less than 6%, the fiction coefficient decreases with increasing the 
amount of voids due to the oil storage effects in voids; whereas at the void fraction higher than 
6%, the fiction coefficient increases with voids because of the easier peeling of the compound 
layer. Those results in this study well support the advantage and disadvantage of voids on 
friction coefficient reported so far.  
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Fig. 1.2  Crystal structure of (a) γ’-Fe4N, (b) ε-Fe2-3N, (c) α”-Fe16N2

































Fig. 1.3  Lehler diagram [23]
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Carbon steel
Alloy steel
Fig. 1.5  Relationship between thickness of compound layer and void layer with nitriding time  of     
              carbon steel (0.12C-0.4Si-0.3Mn(mass%))and alloy steel(0.38C-0.4Si-0.6Mn-0.9Cr(mass%))    
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Ñ*{Ŀ. CrƅAlƅVƅ i0// 1mass%' Fe-M 2{ŭ0ĞƆ
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 Fe-1Cr, Fe-AlŭƅĴ 5ĳ
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 Fe-1Crŭ0ĞƆ 
 
2.2  Ĳě 
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T_@XĲhĮŽ Ŗ 3ĮŽ Ĳđ0ĞƆ
qj // Śŀ0ţ$.Ɔ 
Ĵ 3ĳ!ƅìðĬ±ĝñgŐ 7?Ĳđ0Ğƅ7?ĲƆFig. 2.17








STANGEŐ þĿAe<f+-ċ²Ɔ ŃïƅÛ7? łÑ!ƅNH3=46.47%ƅ
H2=52.50%ƅN2=1.03%-ƅ,ĶĲWGe>]aƃKnƈÃ 1.2Ƅ!ƅ
1.22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Ĵ 4ĳ!ƅäéŸ°»ñgŐ JIN-1S¥ĲŎņ0Ğ, T_@XĲƆFig. 
2.2T_@XĲđ öÃ¡0īƆĲĊÁ! 843KƅĲæŲ! 3.6ks
Ɔřà	 843KŨ.%! 100Ɗ1000Pa p(H2) : p(N2) = 1 : 1ŷ ýjĔ
ƅĲĊÁŨÈƅ~£ 1000Paƅ7?łÑ0 p(H2) : p(N2) = 4 : 1 3.6ksĲ






















































































































































































































































































































































ēŮ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.ƅFe-C 2{Ļ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0ĞŌƆFig. 2.3ĊÁóÑ Ńï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 îĊÁ.O3c[fBf ōīĊÁ!ƅFe-0.6Cŭ¶ďuē}/
ě0Ōƅ_?XaGe<3IłŅ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Fig. 2.3  Relation between the real temperature and the temperature measured by the pyrometer  
(compensation of pyrometer by using eutectoid temperatures in Fe-C and Fe-N system) 
y!*1.0538×x(42.308!


















Eutectoid temp.  
in an Fe-N system: 590 
(pyrometer 600) 
Eutectoid temp. in an Fe-C system: 727 
(pyrometer 730) 
pyrometer 439 (real 420) 
pyrometer 486 (real 470) 


















































NH3 (vol%) H2 (vol%) Nitriding potential
21.02 22.10 2.0
16.94 30.18 1.0
Table 2.2  Results of nitriding potential control 
3% Nital Solution HNO3 3mlC2H5OH 97ml




oiƆ ÈƅTable 2.3 ī 3ƂK3Bfa0Ğňž0ŌƅłŅœµ
wƆłŅœµ!ƅCarl ZeissŐ LSM700¥bf=fżËŰ0ĞŌƆ%
ƅĲĖ œµ!//ƅäéŸ°Ő FE-SEM(JSM-7001F) AMETEK Ő 3 ù
{2IZTcfS(3DAP)0ĞŌƆ  
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2.5  Ĩċ² 
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2.6  ōŹóŧŕî 
Ĳěřà 2AIeăą0ŌÈƅRigakuŐ Ultima IVřàþÀ­ĤĢ4
E9?ńÕŎņ0ĞĲèōŹ ĥ²0ŌƆXńč! CuķĚƃKαńƈ
λ=0.15418nmƄ0ĞƅķŸ£! 40kV, ķŸĄ! 40mA, <eT`e:¿! 0.02degree, 
?8]e?QfJ! 10degree/minƅÕŔÁ θ  ĸ ! 30Ɗ80degree  ërċ²0
ŌƆ ër!ƅřàōŹ,+ 5µm ć% Xń	Ćť.ƆTable 2.5
Ńç XRD.Qf9sņ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Lattice constant(nm)2θ (degree) Miller Indicesh k l
α-Fe bcca = 0.2866
44.71 1 1 0
65.08 2 0 0
γ-Fe fcca = 0.3648
42.94 1 1 1
50.01 2 0 0




41.26 1 1 1
48.01 2 0 0





38.32 1 1 0
41.23 0 0 2
43.73 1 1 1
57.54 1 1 2
69.28 3 0 0
76.9 1 1 3










H %%: hardness 
Pmax   : maximum load  
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3.2  ñȔķŠ 
 ŇƠ$*șƢƠ$Ǧ.ƭǾ7, MoșSișMnșCrșAl, V7, Ti>;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ũ³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Fig. 3.1  Laser micrographs of cross-section of the pure Fe nitrided at 843K for (a)14.4ks(b)115.2.4ks 










Fig. 3.2( 843K(	#$ƛ)Ŀȃƞ· Fe-1MoșFe-1Si7, Fe-1MnÉǻ)ĵȌ
Ɣ)©Ā>ƗȚ;8)Éǻ)ƞ·(7:Ɣ·ĩ¶*ƭǾ%ÊŔ)Ë>Ɨ#	:Ț
MoșSi7, Mn*ƞ·z(Éǻƞ·Ž>ō¨șħıý*ƭǾ%ÊŔ(ƞƮ(7:Öű
Ĉ·7,Ʃç'Ǿƞ·Ž(7 #Ĉ·;:4%ƺ8;:Ț  






;:ȚFig. 3.3(c)%(d)( 843K $ƛ)Ŀȃƞ· Fe-1Al% Fe-1CrÉǻ)ĵȌƔ)©Ā
>ƗȚFe-1AlÉǻ) 14.4ksƞ·ň$*șǉȌ$ 300HVƚĄ1$Ɣâ³:Ț;*ș
Fig. 3.1% Fig.3.2(ƗƭǾ7,Mo,Si,Mn)ÈƮ>ũ³Éǻƞ·ň)ǉȌƔ%
/%?&ä=8'	Țsķș28.8ks 7, 115.2ks ƞ·ň$*șǉȌ$ 600HV ƚĄ1$Ɣ
â³ș£Ǵ(Ë #v:ƔĄ©ĀǏõ;:Ț(a))orMrȑēȀ¤Ə$*ș
ō¨Ž)ìÙ>ƕǘ$' ș)Ɣ©Ā8ș28.8ks,115.2ksƞ·ǕĴ$*șǉȌ





Fig. 3.4( 843K$ƞ· Fe-1V% Fe-1TiÉǻ)ĵȌ)orMrȑēȀƱƸ¤Ə%Ɣ©
Ā>ƗȚ(a)(Ɨ 115.2ks ƞ· Fe-1V Éǻ$*ș·ÉŽý)ƃĠǌ8;ș)£
*șƲŁƨƇȖƾȒ;#	:Țƞ·ý%Ņƞ·ȐÝ)áƇ*ȋā(Ļƕ$9șƞ·
ý$*ƲŁƨ£*/%?&ƾȒ;'	șŅƞ·ȐÝ$*ƲŁƨ£ƾȒ;:Ț (b)(Ɨ
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Fig. 3.2  Hardness profiles of (a) Fe-1Mo , (b) Fe-1Si and (c) Fe-1Mn alloys nitrided at 843K for 
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Fig. 3.3  Laser micrographs of cross-section of (a) Fe-1Al, (b) Fe-1Cr alloys nitrided at 843K for  
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Fig. 3.4  Laser micrographs of cross-section of (a) Fe-1V, (b) Fe-1Ti nitrided at 843K for 115.2ks,  
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arJ*ć':sķșε)arJĈ'9ș(c)) 115.2ksƞ·ň$* ε)arJ)2('
:Ț;*șCu ƥƁ$ǾÉǻ>ůð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 Fig. 3.7(ș843K(	# 115.2ksƞ·ƭǾ)ĵȌƱƸ%\^Ɣ©Ā>ƗȚ(a))o
rMrȑēȀƱƸ¤Ə$*șǉȌ(·ÉŽýǌ8;ș·ÉŽý)ǉȌ(æĲ)fB[
Ǐõ;:Ț·ÉŽý8řƎ(# 3µmȃȇ$ 3mBqůð\^BqYqXrNl
qůð)ØƊ5ǌ8;:Ț)orMrȑēȀ¤Ə%Êǎǹ(: EBSD ůð(7 #đ
8;ƎhVd>(b)(ƗȚƎhVd79ǉȌ79șεƎșγ’ƎșαřƎ)Ȏ(·ÉŽýz)
Ǝä·#	:%©:ȚFig. 3.6(c)) Xƶ(7:ƎÊð)ƲŎ%Éƿ#șǉȌ8
5µm 1$)ȐÝ$*ș·ÉŽý*{( ε (79œĠ;#	:ȚŇǎǹ$ůðƔ©Ā
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Fig. 3.5  Micrographs of compound layer in cross-sections of the pure Fe nitrided  at 843K for  



























Fig. 3.60X-ray diffraction patterns (Cu-Kα radiation) of the pure Fe nitrided  at 843K for  










































Fig. 3.7  Pure Fe nitrided  at 843K for  115.2ks of (a) Laser micrograph, (b) EBSD phase map and  
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3.3.3  Fe-M 2Éǻ)·ÉŽýƱƸ%Ɣ 
Fig. 3.8(ș843K(	# 115.2ksƞ· Fe-M 2Éǻ)·ÉŽƱƸ>ƗȚ	;)
ǕĴ5ǉȌ(·ÉŽýǌ8;:ș(a)Fe-1Moș(d)Fe-1Crș(f)Fe-1V Éǻ$*șƭǾǕĴ%
ÊŔ(æĲ)fB[ƃĠ:Ț(c)) Fe-1Mn Éǻ$*ƭǾ(Ś.șfB[)Ĳ*ø'	5





5æ)ǼžƱƸĊĠ;#	:ȚFig. 3.9( 843K(	# 28.8ksƞ· Fe-1Si% 




Fig. 3.10(ƭǾ7,ÈÉǻ) 843K $)ƞ·Ŀȃ%·ÉŽý)¾) 2~)Ȅ>ƗȚ
·ÉŽ¾)ůð*șǕĴ)ƞ·ĵȌȁ(3mm)(ŭ #ș50µm ȃȇ$Ǔ 60 ƣġ$ǆ	ș







 Fig. 3.11( 843K(	# 115.2ksƞ·ƭǾÁ, Fe-M 2Éǻ)ƞ·ǉȌ(	#ůð
 XƶÒĦ`Srq>ƗȚ(b)) Fe-1Moș(d)) Fe-1MnÁ,(e)) Fe-1CrÉǻ$*șƭǾ
%ÊŔ( ε )arJ)2ǌ8;:Ț(g)) Fe-1V Éǻ*șε Ǝ)arJĈ¨#	:ș
ć	'85 γ’Ǝ)arJǌ8;:Țsķ$ș(c)) Fe-1Siș(f)) Fe-1Al Á,(h)) Fe-1Si









Fig. 3.8  Laser micrographs in cross-section of the specimens nitrded at 843K for 115.2ks in  

























































































































































Fig. 3.11  X-ray diffraction patterns taken from the surface of the specimens nitrided at 843K for 
115.2ks of (a) Fe, (b) Fe-1Mo, (c) Fe-1Si, d) Fe-1Mn, (e) Fe-1Cr, (f)Fe-1Al, (g)Fe-1V  and 




Fig. 3.12( 843K(	# 115.2ksƞ· Fe-1MoșFe-1SșFe-1MnșFe-1CrșFe-1AlÁ,
Fe-1VÉǻ)ĵȌƎhVd%Ɣ©Ā>ƗȚ(a)) Fe-1MoÉǻ$*șFig.3.7(b))ƭǾ%Ê
7
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ș(b)) Fe-1SiÉǻ
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Ǐõ;'	Ț(c)) Fe-1MnÉǻ5șƭǾ%Ê7
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' #	:Ț;8)ƎhVd*șFig. 3.10(Ɨ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·7,Ʃç'Ǿƞ·Žō¨(7:5)%ƺ8;:Ț(d)) Fe-1Cr Éǻ*șFig. 3.7(b))ƭ
Ǿ);%Ê7
(ŃǉȌ( ε Ǝǌ8;ș)£( γ’Ǝ% α ƎǏõ;:Ț(e))
Fe-1Al Éǻ*ƭǾ%Ɖ'9șγ’Ǝ% α Ǝ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Fig. 3.13( 843Kș115.2kƞ·ƭǾÁ, Fe-M 2Éǻ)ħıý%·ÉŽý)Ɣ(Á
0ÉǻƮ)Čȍ>1%4:Ț·ÉŽýƍv)ħıý)ƔȗFig. 3.13(a)Ș*șƭǾÁ,






































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.14  Schematic of compound layer  growth  with (a) nitrogen concentration-depth profile,   


































3.4.1 ·ÉŽý7, ħıý(:ũ³Ʈ)ìÙžĝ 
Fig. 3.15( 843Kș115.2kƞ·Fe-1CrÉǻ)·ÉŽýzÁ,)£)ħıý) 3DAP
ůð(79đ8; Cr7, N) 3ŗœƦ>ƗȚ(a)(Ɨ·ÉŽýz$*șCr¿ë
ųƷŚǤƋƩç'ȐÝ	!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:Țsķș (b)(Ɨħıý$*ș·ÉŽý(Ś.#ș79ēư' Cr ų·ȐÝǌ8;șα
řƎz(ēư' CrNæĲō¨#	:%©:Ț(d)(ôù[4] 823K$ 14.4ksdmQ
hƞ·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Fig. 3.17(Ɨƞ· Fe-1Alň$*ș·ÉŽýz(ȋā(ư' Alų·ȐÝǌ8;#
9șēư Al ƞ·Žγ’z(©Ā#	:%ƺ8;:Țsķ$șħıý$* Cr 6 V ũ³
ň%*Ɖ'9ș·ÉŽýz795Ʃç' Alƞ·ŽƃĠ#	:%©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ș)
ħıýz(: AlN)Ʃç(':ƂƆ$*șFe-1AlÉǻ*șFe-1Cr, Fe-1VÉǻ(Ś.# 2









Fig. 3.15  3DAP elemental map of Cr and nitrogen in (a) compound layer  and (b) diffusion zone, (c) 
nitrogen concentration of Cr enriched and depleted region in compound layer of the Fe-1Cr 
alloy nitrided at 843K for 115.2ks.0(d) TEM micrographs of surface region at 100!m 


























(a) Compound layer (b) Diffusion zone






























Fig. 3.16  3DAP elemental map of V and nitrogen in (a) compound layer  and (b) diffusion zone, (c) 
nitrogen concentration of V enriched and depleted region in compound layer of the Fe-V 
alloy nitrided at 843K for 115.2ks.0(d) TEM micrographs of surface region (depth 





(a) Compound layer (b) Diffusion zone






















Fig. 3.17  3DAP elemental map of Al and nitrogen in (a) compound layer  and (b) diffusion zone of 
the Fe-1Al alloy nitrided at 843K for 115.2ks. (c) TEM micrographs of surface region at 
100!m depth of the Fe-1Al alloy nitrided at 823K for 14.4ks. 
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Fig. 3.18( 843K(	# 115.2ksƞ·ƭǾ)hJp'ƞƮųĄ©Ā7,·ÉŽý%ħ
ıý$)ųĄ©Ā>ħçKmb>ƗȚ(a)(ƗhJpƞƮųĄ©Ā8șǉȌ$)
25at%ƚĄ)ȕƞƮųĄ)ȐÝ)£(ș20at.%ƚĄ)ƞƮųĄ)ȐÝìÙș)£Ǵ$
ĘŲ(ųĄv #	:ŔëǏõ;:ȚEBSDůðƲŎ7, Fe-N 2žĝÕ79ș
;8*ǉȌ8Ȏ( εșγ’șαřƎ(öĖ#	:%ƺ8;:Ț(b),(c)(Ɨ;;)
ȐÝ$)ħçÕ79șγ’6 α )ƞƮųĄ*Ƃǜ(20at.%)7, ThermoCalc >Ƅ	#ǓƤ
 843K(: αz)ÖűƞƮųĄ%ǁsƿ#	:Ț 
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àÉ)·ÉŽý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Table 3.1 Alloy nitrides used for the calculation of ideal nitrogen contents 
 
element Mn Mo Cr Si V Al 






























Fig. 3.18. (a)Nitrogen concentration profiles in  pure Fe after nitriding at 843K for  115.2ks,  
               (b)enlarged profiles in compound layer and (c) enlarged profiles in diffusion zone.  
                All the data taken along three different lines are plotted. 
       
Distance from surface (µm)
1
2
       


















































Distance from surface (µm)
























Fig. 3.19  (a1) Nitrogen depth profiles in Fe-1Mo alloy after nitriding at 843K for  115.2ks, enlarged 
profiles of (a2) compound layer, (a3) diffusion zone in (a1), (a4) atomic fraction profiles of 
Mo and Fe. (b1)-(b4) Fe-1Mn alloys after nitriding at 843K for  115.2ks. All data taken 
along three different lines are plotted. Horizontal lines represent ideal nitrogen 
concentration in equilibrium by assuming that all the alloying element are precipitated as 
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Fig. 3.19  (a1) Nitrogen depth profiles in Fe-1Cr alloy after nitriding at 843K for  115.2ks, enlarged 
profiles of (c2) compound layer, (c3) diffusion zone in (c1), (c4) atomic fraction profiles of 
Cr and Fe. (d1)-(d4) Fe-1Si alloys after nitriding at 843K for  115.2ks. All data taken along 
three different lines are plotted. Horizontal lines represent ideal nitrogen concentration in 
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Fig. 3.19  (a1) Nitrogen depth profiles in Fe-1Mo alloy after nitriding at 843K for  115.2ks, enlarged 
profiles of (e2) compound layer, (e3) diffusion zone in (e1), (e4) atomic fraction profiles of 
Al and Fe. (f1)-(f4) Fe-1Mn alloys after nitriding at 843K for  115.2ks. All data taken along 
three different lines are plotted. Horizontal lines represent ideal nitrogen concentration in 








































Distance from surface (µm)
















Distance from surface (µm)












Distance from surface (µm)
      
Distance from surface (µm)



















































Distance from surface (µm)
















Distance from surface (µm)












Distance from surface (µm)
      
Distance from surface (µm)





























100+ (100− x)0.25+ xy


















ųĄ79ȕ	Ț)ǕĴ$*șXRDůð(Fig. 3.11)7, EBSDůð(Fig. 3.12(e))(	#ǉ
Ȍ(εìÙγ’)2ƃĠ:%ƕǘ;#	:ȚSi(¿ëǺ 28)*ƞƮ(¿ëǺ 14)%
arJǸ' #1











;*ε(öĖ#	:Țεƍv)ȐÝ)γ’ (Fig. 3.19(f2))7,ħıý(Fig. 3.19(f3))ƞƮųĄ>
ǌ:%șAlũ³ň%ÊŔ(ǯ±ƞƮő¨;:Ț  
ÊŔ)ůð>sǴ) 28.8ks ƞ·ň(!	#ǆ (Fig.3.20)ȚƒĿȃ)ƞ·$5ƞƮ)©Ā
Ë*/0ÊŔ$9șSi(Fig. 3.20(a)), Al(Fig. 3.20(b)), V(Fig. 3.20(c))ũ³ň)·ÉŽý$ǯ±
ƞƮǘ48;:ȚSi 7, V ũ³ň$)ħıý)ƞƮųĄ* 115.2ks ƞ·ň%ÊŔ$:
șAlũ³ň(!	#*ħıý(	#AlN¹©ō¨#8șůð;ƞƮųĄ*
ƂěƞƮųĄ795	ȚFe-1AlÉǻ) 28.8ksƞ·ň$)ħıý)	ƞƮųĄ*șƔ©
ĀȗFig. 3.3(c)Ș(:ǉȌƔ·ȐÝǄ	%%57Éƿ#	:Ț  
 Fig. 3.21 (ƭǾÁ,ÈÉǻ)·ÉŽýz)ǯ±ƞƮ%·ÉŽý¾)Ȅ>ƗȚǯ±ƞ
ƮųĄ* EPMAůð$đ8; γ’ȐÝ$)ƞƮųĄ)Ńç%ƂěƞƮųĄ)ÿ%#Ƥ¨
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Fig. 3.20  (a)Enlarged nitrogen concentration profiles in  compound layer and diffusion zone in  








































































Fig. 3.21  Effects of excess nitrogen on compound layer thickness after nitriding at (a) 843K,28.5ks 
                 and (b) 843K,115.2ks. 
Excess nitrogen (at.%)!

























































Fig. 3.22  (a) Crystal structure and a cross-sectional view of γ((b) schematic illustration of 

































ŗ(șũ³Ʈ γ’7, ε ƞ·ŽƃĠ(Á0Ż²îƋ'Čȍ>Ļ8(:4(șb
CmBZ% γ’7, γ’% εƞ·Ž)ƎáƇ>șThermoCalc>Ƅ	#`măǈžĝ>ð#
ǓƤȚγ’% ε)ïðę(Á0ũ³Ʈ)Čȍ(!	#*șăþ8*[10]șPandat>Ƅ	#ș
EnRăǈ>ð#ǓƤƲŎșMo,Mn,Si,Cr,V,Al,Ni)ũ³(79 ε ƞ·Ž γ’795ïð
·;:%ßÍ;#	:ȚșŇñȔ$*șEPMA >Ƅ	#·ÉŽýțřƎ$)hJ
p'Ʈ©Ƕ*'	%>ƕǘ$#9ș`măǈ$)ǓƤĕǋ$:%=:Ț 
Fig. 3.23 (Ʈũ³ γ’ƎÁ, ε Ǝ)ïðę(Á0Čȍ>ƗȚș)ǓƤ$*
Éǻƞ·Ž)ō¨*ƺĞ#	'	Ț1șThermoCalc )YrSerP(TCFE7)(*șM4N
(!	#* Fe% Mn, Cr)YrS' 4șŇƓƝ$* Mn% Cr(!	#)2ǓƤ
>ǆ Ț)Õ>ǌ:% Mn% Cr%5( α/γ’(Fig. 3.23(a))% γ’/ε(Fig. 3.23(b)))ƎáƇ)ƞƮ
ţǺ>v:%8șMn6 Cr>ũ³:% γ’5 ε5ïð(:%=:Ț 
;8)ƲŎ%É=#șα Ǿz) γ’)ïðę(Á0ũ³Ʈ)Čȍ(Ȅ#ș;1
$ßÍ;#	:ñȔ7,Ƣs¿ƂǓƤƲŎ(FP:First Principle)> Table 3.2(1%4:Țñ
ȔĢŠ%#*5(ș£ǴĬĭŠ(IF:Internal Friction)7,GPăǈŠ(GE:Gas Equilibrium)



















Table 3.2 Summary of the influence of elements on γ’ of stability in α-Fe  
 
element Stabilize Unstabilize 
Mo GE[11], FP[21],IF[12] IF[13] 
Mn TC, IF[14], FP[21]  
Cr TC, IF(<600Ș[12],FP[21] IF(900~1400Ș[15] 
Si GE[16]  
V IF[17], FP[21]  
Ni IF[18]  
Co  IF [19] 
W  IF [20] 











































































































































































































;ș)¿Ó*ũ³Ʈ(7 #Ɖ':ȚMo, Mn, Cr, Si, V)ũ³$*, γ’ïð·;
# γ’/αƇȌ$) µNv:%(79șJ1â³#ĠȁǪĄ*Ǫ':Țsķșǯ±ƞ






















































Fig. 3.24. (a)schematic illustration of the formation of voids(b) effect of nitrogen #"&"& to $'" 











(1) ƭǾ$*șǉȌ( εýș)£Ǵ( γ’ýƃĠșǉȌ/&fB[ĊĠ;:Ț\^B
qYqXrNlqůð(79șγ’ý)Ɣ*řƎ79ȕșǉȌ/&fB[)Čȍ>Å#
v:Ț 
(2) αƎ)Ɣ* Cr, Al, Vũ³$ō¨Ĉ·(79uĺ:Țsķș·ÉŽý)Ɣ*șƮũ
³(79â³Ǻ*÷	șSișAlșV)fB[ĥ®(79ǉȌƔâ³:Ț  
(3) Mn, Cr, Mo, Si, V*Ǿƞ·Ž>Ż²îƋ(ïð:4ș1șSi, V, Al*·ÉŽýz(
ǯ±ƞƮìÙ:4ș;)Ʈ>ũ³#5·ÉŽýĠȁ>Ǫ:ȚșAlũ
³ň$*ȁĿȃ)ƞ·$ħıý(æǺ) AlNō¨:4șĠȁǽ·:Ț  
 
 
















with respect to 
pure iron 
(observation) 
Mo No Stabilize No effect No Increase 
Mn No Stabilize No effect No Increase 
Cr No Stabilize No effect Compound / α Increase 
Si Present Stabilize Suppress Compound Increase 
V Present Stabilize Suppress Compound / α Increase 
Al Present  Suppress Compound / α 
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4.2  ñȬĺŰ 




²ă+ȲȭÕ):ȰHPT : high - pressure torsion ȱŰ?ƙ#Ǟ!ȳæ'Ŧ?ú$
;ǴĒ²ăĺŰ%#+Ȳball milling) shot peeningÀ- equal channel-angular pressingƻ?Į
9<;ȲHPT²ă$+ȲpČ*²ă$ǪķvĠ9¹ėĺÆ.#=='ŦȊ
ÅŁ(ú$;ƒğ










Table 4.1  Conditions for HPT process 
Pressure 5GPa 
Rotation speed 0.2rpm 
Frequency 50Hz 










 Fig. 4.2( HPT²ăŊ(ú<;Ŧ¨ą8-Ʒ¶ĺÆ%*ȕ?Ʊȳ HPT²ă(
;ƥēŦȊ+ŤĐ 2.18:ŭ59<;ȳ 
t




;ȳ0.5 Ðǹ8- 5 Ðǹ?;%$ȲvĠ9ä(Æ#*ǵȞ(Ģ#Ȳ 0
ȹ18.3 8- 0ȹ183 *Ŧ?<<t;%$;ȳHPT ²ăĘȲŏȣ? 3µm PBe





FE-SEM À- EBSD $ǇǍ?ǤöȲEPMAȲXZBlUlOo$ƷǅƈČȲƭ?ƀð
ȳ Fig. 4.2*Hg^v(ƨ¼$Ʊ#;γ=2.6% 78.5*ȥÜ?vĠ(ǇǍ*ǦŐ?Ǟ!
ȳ 
 
4.3  ñȬǈŒ 
 
4.3.1 Ʒ¶¯*ǇǍ%ƭ 
 Fig. 4.3(ǃȎȲFe-1AlȲFe-1CrÄȋ(;ƍ²ăŊÀ- HPT²ăŊ*Ʒ¶¯joJoȦ
ĞȑǇǍ%ƭ?Ʊȳ$+Ȳγ=2.6À- γ=78.5(;ǇǍ?Ʊ#;ȳǃȎ (Fig. 























Fig. 4.2  Stain distribution introduced by HPT process as functions of distance from disk center and 






































Fig. 4.3  Laser micrographs of the non-deformed ( γ=0) and HPTed specimens ( γ= 2.6, 78.5) of (a)   











 Fig. 4.4À- Fig. 4.5( 843K, 3.6ks`gMaƷ¶ƍ²ăÀ-HPT²ăǃȎ*joJ
oȦĞȑǇǍ¤ƦȲ̂ CgBVĺaR`À- SEMǇǍ¤Ʀ?ƱȳFig. 4.4(a)À- Fig. 4.5(a)
(Ʊƍ²ă*ǃȎ*Ʒ¶Ŋ$+ȲǠȣ(ǜ¶ÄƑþƗħȲ*¡*Ūƥ(ŏƓ*
γǤö<;ȳ*ŏƓ γ+ƺ 3Ƹ$ƱFLƷ¶ĘŮ¥ǃȎ(+ǣ9<'
%9Ȳ̀ gMaƷ¶Ę*Ɖ¥v(Ő§%>;ȳFig. 4.4(b)ȲFig. 4.5(b)(Ʊ γ=2.6
(;Ʒ¶ǇǍ+Ȳƍ²ăŊ%Å8(Ǡȣ(¶ÄƑþ7*¡*Ūƥv(ŏƓ γ
Ǥö<;ȲŪƥ*ǈłƿė+Ȳƍ²ăŊ*<(ū/Ğǆ('!#;ȳγ=78.5 *ȥÜ 
(Fig. 4.4(c), Fig. 4.5(c))$+Ȳ9(ŪƥƿėĞǆ(':ȲǠȣ9¡Ȉ(#77ǈłƿ
ėâæ#;%>;ȳŤ(ȲǈłƿĞǆ¶(À1ÔƂƷǅ*ĖȤ?¨Ȟ;
5(ȲHPTŊ?ȲƷ¶%ÅſČȲŁȔ$ Ar+H2`gMaȠÒŬs$Ǝȍ(Fig. 4.4(d), (e))ȳ



























Fig. 4.4  Laser micrographs of cross-section of the pure Fe in the regions of (a) γ=0, (b) γ=2.6, (c) 
               γ=78.5 after nitriding at 843K for 3.6ks, and pure Fe in the regions of (d) γ=2.6, (e) γ=78.5  





























































































































































   
   
   









































































0 10	 2 315 25





Fig. 4.6  (a) Hardness profiles of  pure Fe γ0, γ2.6 and γ78.5 before and after  
               nitriding/annealingat 843K for 3.6ks, (b) Nitrogen concentration profiles in the regions of  











Fig. 4.7  Laser micrographs of cross-section of the Fe-1Al in the regions of (a) γ=0, (b) γ=2.6, (c) 
               γ=78.5 after nitriding at 843K for 3.6ks, and pure Fe in the regions of (d) γ=2.6, (e) γ=78.5 













































































































































   
   
   







































*joJoȦĞȑǇǍ¤ƦȲ^CgBVĺaR`À- SEM ǇǍ¤Ʀ?ƱȳFig. 4.7(a)À
- Fig. 4.8(a)(Ʊƍ²ă* Fe-1Al Äȋ*Ʒ¶Ŋ$+ȲǃȎ*Ʒ¶Ŋ%Å8(Ǡȣ(ǜ





<(ū/Ğǆ('!#;ȳγ=78.5*ȥÜ (Fig. 4.7(c), Fig. 4.8(c))$+ȲǠȣǾ+ȢĆ(
Ğǆ'ƻǺƿ('!#:Ȳ¡Ȉ0&ǈłƿėâæ#;ȳ HPT Ę Ar+H2`gMaȠ














































0 10	 2 315 25

























Distance from nitrided surface(µm)
Fig. 4.9  (a) Hardness profiles of  Fe-1Al γ0, γ2.6 and γ78.5 before and after nitriding/anealing 




















4.3.5 Ʒ¶ Fe-M 2Äȋ*ĬĴþv*Ő§Ƒ(À1²ă*ĖȤ 
ƭ7ƷǅƈČ¨ąƀð(8:ȲAl ż²Ŋ$+²ă(8; Al Ʒ¶ƑŐ§ȃ<;*
(ø#ȲCr Ʒ¶ƑŐ§(ø#+²ă*ĖȤû%ƱÎ<;ǈŒě9<ȳ
*Ƌ?ŀƮ(;5ȲAl 8- Cr ż²Ŋ*²ănƍ²ăŊ*Ʒ¶Ŋ(;Ʒ¶ƑŐ
§Įµ?, qŤAVb`ko_?ƙ#ǦŐȳ 
Fig. 4.13( 843KȲ3.6ks`gMaƷ¶ Fe-1AlÄȋ*ƍ²ăŊ% γ=78.5*ȥÜ*Ǡȣ9









4.3.6 Fe-M 2Äȋ*¶ÄƑþǇǍ(À1²ă*ĖȤ 









Fig. 4.10  Laser micrographs of cross-section of the Fe-1Cr in the regions of (a) γ=0, (b) γ=2.6, (c) 
                γ=78.5 after nitriding at 843K for 3.6ks, and pure Fe in the regions of (d) γ=2.6, (e) γ=78.5 
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Fig. 4.12  (a) Hardness profiles of  Fe-1Cr γ0, γ2.6 and γ78.5 before and after nitriding/































































































































































































































































































Fe 1Al 1Cr (a) γ=0 






Fe 1Al 1Cr 







Fig. 4.15  Laser micrographs andγ’ orientation maps in the regions of (a) γ = 0, (b) γ = 78.5 taken  
















4.4  ǐö 
 






ȕ>9ȣơ(£ǈł<²ăǇǍ+ǣ9<'*(ø#ȲFe-1Al % Fe-1Cr Äȋ$+Ȳ
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Fig. 4.16  (a) Variations in compound layer thickness in pure Fe, Fe-1Al and Fe-1Cr alloys after 






Fig. 4.17  Effects of stain and alloying elements on the thickness of deformation microstructure in 

















































( CrN Ĕħ<;5ȲFe-Al Äȋ(ū/;%]lť58:ľȲÅpŦȊ$+8
:½²ăǇǍŨì;8(';ȳ*8(ȲƷ¶ſČ$*Ðĝn£ǈł(8:²ă
(8!#ú<ţȘÐĝ;%(8:Ȳ<2$*ÞÈ%+Ɲ':ȲCrż²Ŋ$+
ȃ´Œ+ǣ9<'!ȲAl ż²Ŋ$+ Al Ʒ¶Ƒ*Ő§ȃ<Ǡȣƭâ²
;%ƮǬ$ȳ 
 






?ƱȳMeka 9[16]+FLƷ¶ Fe-4.65wt%Al Äȋ(#ȲαȴγȔ( inverse NW





































































































































































































































































































































































































   
   
   
   



































































   
   
   
   















































;Ȳ*Ó$+ȲFig.4.20(Ʊ8(y( 10o~¡*ĺĄ?ņ; inverse NWȕȲ
K-SȕȰ(111)γ’//(011)α, [-101]γ’//[-1-11]α, [1-21]γ’//[2-11]αȱ8- N-W*ȕȰ(111)γ’//(011)α, 
[1-10]γ’//[100]α, [-1-12]γ’//[0-11]αȱ?¸¬ȲK-Sȕ9*<ǥ 10o~s* αȴγáƜ?










Ȳinverse N-W ȕ*Ȕ$¨Ĵ#;6*%ǐ9<;ȳFig. 4.21 (ǃȎ8- Fe-1Al
Äȋ*ƍ²ăŊ("#*ĺaR`8-{001}γ’ĺ?`kRV(001)α ŜƋÓ?Ʊȳ
ǃȎ$glPb(ǣ;ş	'ĺ* γ’Ɨħ<#:Ȳpĺ$ Fe-1AlÄȋ$+ K-Sȕ
(Ǿĺȕ?ĭ" γ’0%@&$ȲpȈ(ĺȕæƝ';γ’ǣ9<;ȳ*
ĺ*’*¨ą?ǣ%=Ȳƒ(Ǡȣ|Ǿ$å%9ȲFe-1AlÄȋ6ǃȎ%Å8
(ŕƗħũȚ$+Ȳş	'ĺ?ĭ" γ’Ĕħ<Ȳ*v* K-Sȕ(Ǿĺ?ĭ" γ’
ơ"Ɲĺơ(ħȒ;%$ȲȌƓǇǍĔħ<;%ǐ9<;ȳ pĺȲFig. 4.19


















Fig. 4.21  Phase maps and corresponding (001)α stereographic projection on which {001}γ’ are 






















Fig. 4.22  Schematic illustration of microstructure evolution of compound layer formed in non- 
deformed and HPTed (a) pure Fe and (b) Fe-1Al alloys
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 ţǈǕ%ɭǥɄ Fe-1CrÕɁ9ƴɭBKǗÅ#5<pfW<BK ƁǧBK$
ƍɀ9ò5 ɭǒ$ǗÅbRpIgm$BKǗÅ9ɮÅÕƪč9ŵĸ5 γ’ɭε
2'a>U
ŊǷƒ2'ŊŌŎ#x5Ĥɜ9Ř3	#5 9ƿƽ 5ɮ 
 
5.2  Āɦœƈ 
























œ(c)9[kerN ǉðɛĳ Kic9Ƃ/[15]ɮKic$Ǟ¶ĝ9ĝ 5.1#ǎɮ 
 
15.05.05.05.0 )/(02.0 −= acaPEKic   ɫĝ 5.1ɬ 
 
ɭE %ÅÕƪǁ$hpEƯɭP %țɦȁȾ5ɮ"ɭÅÕƪǁ5 γ’$hpE
Ư%ǜ 2 Ǚ#ȳ)VY>pSpRrIjpƈ9ƴƗÿǥɄ$a>U$" γ’$
ɫ173GPaɬ9ƴɮ 











%ɭ3×8×15 mm$ǗÅũŤ9ǀĥ 20mmɭÊ 10mm$S=KD$Ɔ«#Đ/țɦ#
ɮarm%ɭǀĥ 10mm$ Si3N49ƴɮSi3N4$ǋ% 1400HV ɭǤ 700HV$Ǘ
Åč$ǋ$ 2 ǑĚ4ɭțɦz#arm%* :!ŊǷ65 
"ɮ Table  5.1
#țɦŦ9ǎɮțɦƖĚ% 373KɭțɦȁȾ% 15NɭŋÄŃĕ 1mmɭÛƉŎ 50Hz#ɮ
$ȁȾ$țɦ$şɈțɦŚɋ%ɭ6$țő0ȚĆȡ#"5ÅÕƪ$zŊǷ
Ż






5orUMm9ƴɭŊŌÀɫFɬ ȢȁȁȾɫWɬ9Ɨÿɭĝ 5.29ƴǞ¶ɮ 
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ŊǷƒ%ɭŧǣĄȌ Surfcom2000 DX2 è ȔɂĝȉɚǡqȮȼĢƬǫÕƗÿŸ9ƴ
ƗÿɮŊŌɚ$ȑą%ɭ½ȳǩǱȑą#ƴ Carl ZeissȌ LSM700ènrH
rɠĬɇ9ƴȆɮ 
 
5.3  ĀɦǪū 
 
5.3.1 BKǗÅǥɄ Fe-1CrÕɁ$ÅÕƪč$ǁŵĸ ǋ 
Fig. 5.4# 843K ɭ115.2ksǗÅǥɄ Fe-1CrÕɁ$ȉɚȱ$nrHrɠĬɇǩǱ
°ǂ9ǎɮƴǗÅbRpIgmɫw Knɬ% 1.0ɭ2.0$sÿŦÎ' 1.0 2.0
$ 2 ŽɑòÅ 3 ǒɡ5ɮ6$ǗÅbRpIgm#0Ǭ³ƱŚɋ%
115.2ks4ɭ2ŽǗÅ% Kn1.0 108ksɭKn2.0 7.2ksǗÅɮKn1.0 2.0%ɭǜ 1
Ǚ#ǎǥɄ$nrkrãɫFig. 1.3ɬ	3ɭƳĸ65ÅÕƪč%ɭ66 γ’Èƭ2















$Êɭa>U$Ŏ 0#ɭKn1.0ǗÅŤ Kn2.0ǗÅŤ$zɋ#ǳ5ɮ$2#ɭ 
Table 5.1  Conditions of friction and wear test 
Test load 15N 
Oscillation  1mm 
Frequency 50Hz 
Test temperature 373K 
Oil Base oil (VG32) 






Fig. 5.4  Laser micrographs in cross-section of  (a) pure Fe and (b) Fe-1Cr alloy nitrided at 843K for 































5.4(b)#ǎ Fe-1CrÕɁ$ǗÅŤ%ɭÔ Kn#5ÅÕƪč$Ê a>U$·ē%ǥɄ
$ǗÅŤ Ö¢×5ɮÖ Kn³ƱǥɄ ſȭ5 ɭÅÕƪč%ɭKn1.0
$ǗÅŤ%ɭǥɄ24 Fe-1CrÕɁ
11ÊɭKn2.0$ǗÅŤ%ɭ Fe-1CrÕɁ%ǥɄ Ö


















ǌȜ65ɮKn2.0(Fig. 5.5(b))%ɭȉɚ# εɭ$­ # γ’
Ƴĸɭa>
U%ɭ* :! εz#5 
Ȑ365ɮ6%ǜ 3Ǚȳ)2#ɭε% γ’#ſ)Ǘǧ
BK9Ƴĸ5ɥÄÀ
ɧ/ Ǵ365ɮ2 ŽǗÅǥɄ (Fig. 5.5(c))%ɭ













 Kn2.0ǗÅŤ ſ)5 ɭɧ Kn$ŁŚɋ
ǆ/ɭεz#a>U
ĉ"Ǫū "
5ɮsœɭĆı5ǋ·ē9Ȑ5 ɭKn1.0 ǗÅŤ(Fig. 5.5(a))%ɭγ’%ɭ9GPa *
!$ǋ9ǎɭαǋ%624%5	# 3GPaǑĚ4ɭǗÅ½	3$ï·0Ĉ
ɮKn2.0(Fig.5.5 (b))%ɭε% 4GPaɰ8GPa ZkQC
ôvɭγ’$ 9GPa240"
5ɮ6%ɭε z#óɀ$a>U





















































































































































































































































































































































ÅÕƪčǋ#Î+ Cr ƓÁ$Ĥɜ%Ĉɮ"ɭȉɚ γ’
ǥɄ#ſ)11Ê$%ɭ
ǜ 3Ǚǎ CrƓÁ#25ĸɈȷÃū sǼ5ɮ 
 Fig. 5.7 #ɭÔ Kn $ǥɄ Fe-1Cr ÕɁ$ǗÅŤ$ αγ’2' ε $ǋ9, /5ɮα
$ǋ%ɭǥɄ Fe-1CrÕɁ 0 Kn$üĳ%Ĉ (Fig. 5.7(a)) ɭCrƓÁ#24ɭô
ïÁ5
ɭsœɭγ’ǋ (Fig. 5.7(b)) %ɭa>UƳĸ$/ɭZkQC
ô0$$ɭ
Kn1.0, Kn2.0, Kn2step$ɞ#8	#ïÁ5ɮ,ɭƗÿ6z$şɧǋ%ɭa>U$
Ĥɜ$ĉ"ǂ$ γ’ǋ Ǵ5 ɭCr $ƓÁ#24ɭKn1.0 ǗÅŤ% γ’ǋ
 1GPa *
!ïÁɮ6%ɭǜ 3Ǚǎ γ’z$ CrN$Ū¶#250$ Ǵ365ɮsœɭFig. 




5.3.2 BKǗÅǥɄ Fe-1CrÕɁ$ÅÕƪč$ǋ#Î+a>UɚǔƯ$Ĥɜ 
Fig. 5.8(a)#Ô Kn$ǥɄ Fe-1CrÕɁ$ǗÅŤ$a>UɚǔƯ9ǎɮ%ɭγ’È
ǁ$ìÕ#% γ’$Ėça>UɚǔƯ9ɭγ’ ε$ 2ǁǩǱ$ìÕ#% εǁ#5ĖçɚǔƯ
9ƗÿɮKn















































































































































































































































































































































   
   
   
   






































































































































































































































































































Area fraction of void (%)
(a)
(b) 
Fig. 5.8  (a) Comparison of area fraction of void in compound layer between pure Fe and Fe-1Cr alloy 

























5.3.3 BKǗÅǥɄ Fe-1CrÕɁ$ÅÕƪč$ǁĆǉðɛĳ 
Fig. 5.9#ÔǗÅŤ$ȉɚ$\PArKåƺ2'åƺ¦ǚ$Ȋ	3ȚǁĆǉð















Ȑ365ɮÔ Kn ǗÅ Fe-1Cr ÕɁ$66$ÅÕƪč$ǁĆǉðɛĳ






5.3.4 BKǗÅǥɄ Fe-1CrÕɁ$ÅÕƪč$ŊŌŊǷƫĳ 











Fig. 5.11#ŊŌŊǷțɦ9Ȇ½ 24,000G>DmțɦĦ$ Fe-1CrÕɁ$ǗÅŤ$n
rHrɠĬɇǩǱ°ǂ9ǎɮFig. 5.11 (a)#ǎ Kn1.0ǗÅŤ%ɭÖ KnǗÅǥɄ
 Ƹ"4ɭ8		ŊǷ6"ɮsœɭFig. 5.11(b)(c)#ǎ Kn2.0 ǗÅŤ 2 ŽǗ
ÅǗÅŤ%ɭŊǷƒ%Ö KnǗÅǥɄ *+ÖŶ"¢×
Ȑ36ɮ  
Table 5.2#ǥɄ Fe-1CrÕɁ$ǗÅŤ%ŊŌŊǷțɦ9Ȇ½ 24,000G>Dmțɦ
Ħ$ǋ$òÅ9ǎɮÔ KnǗÅǥɄ%ɭ6$ Kn$ǗÅŤ0ɭțɦ½#ſ
)8	"ǋïÁ9Ȑ365ɮ$ǋïÁ%țɦz$arm$ÏīŋÄ#2ɭž























Fig. 5.9  Cracks around Vickers indent on the surface in (a) pure Fe and  (b) Fe-1Cr alloy after 































































































































































   
   
   


















































































































































































   
   
   
   









































































8	5ɮFig. 5.12(b)#ɭÔ KnǗÅǥɄ$ŊŌŎ9ǎɮ,ÍǴ ÅÕƪč
ɐÌŤ$0$0`oPT5ɮ Kn1.0(γ’)ǗÅŤ%ɭțɦɊùǀĦsŖɧŊŌŎ9
ǎɭ$Ħwù/ɭ0.3 ǑĚsÿ "5ɮKn2.0(ε)ǗÅŤ%ɭŊŌŎ%ÈȞ#ï










ÖŶ$Āɦ9 Fe-1CrÕɁ#0Ȇ(Fig. 5.13)ɮKn2.0 (ε) ǗÅŤ%ǥɄ ÖŶ#ş
0ŊǷ61
ɭǥɄ %Ƹ"4 Fe-1CrÕɁ% Kn1.0(γ’)
ş0ŊǷ6# 

·	5(Fig. 5.13(a))ɮ,ɭǥɄ ÖŶ#ǗÅĦ#ÅÕƪč9ɐÌ5 ɫãz●ɬŊǷƒ 
Table 5.2  Nano-hardness of compound layer and diffusion layer beneath of it before and after friction 
and wear test. 
(GPa) 
 Kn1.0 Kn2.0 Kn2step 
Specimen Fe 1Cr Fe 1Cr Fe 1Cr 
Before 3.0 8.5 2.9 8.6  3.1 8.5 






















No compound layer 
(Kn1.0)































Fig. 5.12  (a) Wear depth and (b) coefficient of friction  as a function of friction test cycles for pure Fe 
nitrided at 843K for 115.2ks. Solid circle corresponds to the pure Fe after being nitrded at  


















































No compound layer 
(Kn1.0)
 0 5 20
Cycle number
100 20





Fig. 5.13  (a) Wear depth and (b) coefficient of friction  as a function of friction test cycles for Fe-1Cr  
                alloy nitrided at 843K for 115.2ks. Solid circle corresponds to the pure Fe after being  













8	5ɮFig. 5.13(b)#Ô Kn ǗÅ Fe-1Cr ÕɁ$ŊŌŎ9ǎɮÖ
























Fig. 5.15(a)# 24,000G>DmțɦĦ$ Fe-1CrÕɁ$ǗÅŤ#5ŊŌɚ$nrHrɠĬ








Fig. 5.16# Fig. 5.12, Fig. 5.13#ǎǥɄ Fe-1CrÕɁ$ǗÅŤ$ŊǷƒ ŊŌŎ9




















































































































































































































































































































































































































































































































ȷ.(Fig. 5.18 (a)). sœɭ<_nI_ŊǷ%ɭǋȦ"µ´
1Ǡú
ŊŌɚ#ŀȰ,6ɭŋÄ#ŊŌɚ9Ğ	ƴ#24Ƴ5 (Fig. 


















 Contact pressure 




 Thermal property 
 Surfaceroughness 
 etc. 
 Lubricating oil 
































Fig. 5.19 Relationship between surface hardness and wear depth after 24000 cycles.  
Fig.5.18 Schematic illustrations of adhesive  wear, abresive wear, corrosion wear and fatigue wear 
(b) Abresive wear

































































sœɭŅ4ȧÀ#25ŊŌ%ɭŊŌɚ#5ǋȦ"Ǡú9ÇɝȒ θ $$®Ɇ 





µ cot2=   (ĝ 5.5) 
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Fig. 5.20  (a) Relationship between area fraction of voids and coefficient of friction at 24000 cycles,  
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